Titanium (Ti) thin films were created on glass and Pb(Zr,Ti)O 3 (PZT) substrates using magnetic RF sputtering apparatus. Nano-indentation tests were carried out to study the influence of the Ti thin layer on piezoelectric properties. The piezoelectric properties of the PZT plate and a Ti sputtered one were also measured by laser Doppler vibrometer. Furthermore, some characteristics, such as crystalline structure, depth profiles, and surface roughness of the films were observed by means of an atomic force microscope (AFM). Main conclusions obtained in this study are summarized as follows: (1) From detailed observation and analytical results of AFM, the surface roughness, R a , tends to increase as Ti film thickness increases.
Processing and Functional Evaluation of Titanium Thin Films
for Biomimetic Micro Actuator
Introduction
Recently, research and development related to MEMS (Micro Electro Mechanical System) and µ-TAS (Micro Total Analysis System), represented by devices such as microsensors and micromachines, are actively conducted inside and out side Japan (1) - (3) . Micromachine creation technology has pervaded various fields among these; recently, many small and highly efficient industrial products and electric appliances which make full use of micromachining technology have appeared on the market. Such micromachine synthesis technology has significantly affected not only the mechatronics industry, but the IT in-dustry, and even industries such as medicine, biotechnology, and welfare.
In the event, rapid progress of this micromachine synthesis technology is combined with creation of microactuator technology in order to extend the application field of micromachines; it is essential to develop a microactuator which is much more miniaturized and efficient. However, although a thin film which constitutes a microactuator is essential as a functional material of MEMS, the effect of the deposition process on mechanical and electrical properties of a thin film are hardly understood. Since measurement of a minute force is difficult, not a few studies use bulk material data which are similar to mechanical properties of a thin film. Thus, it is essential to investigate thin-film mechanical properties to improve product safety and reliability.
On the basis of that background, we have borne in mind a final goal: development of "human-friendly medical machinery" which will play an active part in the aging society of the future. Toward that goal, in this Bio-MEM (Biomimetic Medical Electronic Machine) project we have decided to develop the crucial microactuator component which has excellent biocompatibility. As the first step in that plan, we focused on PZT (Pb(Zr,Ti)O 3 ), which has excellent actuator ability; to enhance its biocompatibility, we synthesized a functional new material which is a biocompatible metal (titanium) thin film deposited on a glass or PZT substrate by a RF magnetron sputtering system (4) - (6) . Then the effect of control variables, such as substrate properties, injection power, and deposition time on mechanical properties of a thin film were investigated experimentally. Since there are few studies which have investigated piezoelectric properties in the case of surface-deposition of a thin film (7) , analytical results by FEM were compared with experimental results for estimation of piezoelectric properties of the piezoelectric material. The quantum size effect manifests itself as the thinfilm thickness further approaches an atomic level; synthesis of a new functional material is achieved. Accordingly, the surface of these thin films was observed in detail by means of an AFM (Atomic Force Microscope). We intend to obtain the optimum thin film deposition process and guidelines for future piezoelectric material design for Bio-MEM from results of these study series.
Cell Compatibility of Titanium and PZT as Metallic Biomaterials
Properties necessary for Bio-MEM materials, whose development is attempted in this study, are classified roughly into two: biochemical compatibility and biomechanics compatibility (8) . Ti is essential that cytotoxicity, allergic reaction, and carcinogenesis do not emerge in biochemical compatibility tests. Moreover, biomechanical compatibility criteria require that deterioration of mechanical properties, corrosion resistance, wear resistance, and a corrosion-fatigue property should not affect human tissue.
In the past, SUS316L stainless steel has been used mostly as a metallic biomaterial mainly in orthopedics. However, in recent years, pure titanium and titanium alloys are used frequently (9) . Stainless steel is inferior in corrosion resistance and biochemical compatibility, but excels in workability; conversely, titanium alloys offer excellent corrosion resistance and biochemical compatibility, but have low wear resistance.
According to cytotoxicity evaluation results for metal single substances reported by Kawahara (10) , (11) , it is considered that metallic elements such as vanadium, cadmium, mercury, and cobalt have cytotoxicity which is strongly harmful to the human body, while titanium and tin excel in biochemical compatibility. We have inferred that titanium is applicable as a Bio-MEM material since it has little toxicity to organisms while it excels in biomechanical compatibility and corrosion resistance.
Initially, it was inferred that PZT was unsuitable for a Bio-MEM material since it includes strongly cytotoxic lead in its composition (12) . However, in biocompatibility examination over 48 hours using mouse fibroblast texture origin L929 cell, PZT shows interesting results: it indicated neither toxicity equal to a ZnO oxide semiconductor, nor did it cause a significant difference in cell proliferation rate in comparison with a control cell group (13) . Also, PZT coated with a titanium thin film showed identical results. We inferred that titanium coated PZT is more suitable as a Bio-MEM material with biomechanical compatibility. Fig. 1 , a glass substrate was used as a specimen for surface observation of a thin film with AFM, measurement of microscopic surface roughness using AFM, and nano-indentation tests.
Specimen and Deposition
Moreover, a PZT substrate specimen was employed to investigate experimentally the effect of a thin film on piezoelectric properties. Titanium thin film was deposited on one side of the glass specimen and both sides of the PZT specimen. Since the specimen size was sufficiently thin, deposition on the transverse and longitudinal directions of the PZT specimen was neglected.
3. 2 Deposition condition of titanium thin film and the result Various deposition methods of a metal thin film which have been tried so far include sputtering, the MOCVD (Metal Organic Chemical Vapor Deposition) method (14) and the sol-gel process (15) . Among them, the sputtering method was employed in this study according to its relatively easy deposition, slight composition deviation of a film, and excellent homogeneity of thickness and film properties in a large diameter substrate (16) . To investigate mechanical and electric properties of a thin film deposited on the above-mentioned substrate in this study, a titanium thin film was deposited on the surface of these specimens using a RF magnetron sputtering system (O-naru Tech Corp. and Osaka Vacuum Ltd.,: N-SPCVD-11) under deposition conditions shown in Table 1. Thickness B and the measured surface roughness R a of the titanium thin film are summarized in Table 2 along with the relationship between power input W and deposition time t. In addition, Fig. 2 illustrates the relationship between power input and deposition rate, the above Table 1 Sputtering conditions of Ti thin film Table 2 Specimen code, sputtering conditions (input power, W and sputtering time, t), film thickness, B and surface roughness, R a Fig. 2 Comparison of relationship between input power and sputtering rate in RF and DC (17) sputtering methods divided by the target area. For comparison, the deposition result using a DC (Direct Current) sputtering system is drawn together in the figure (17) . Since a titanium target of a diameter of ϕ150 mm is employed for DC sputtering, large power input and a short time are required for deposition. Accordingly, in order to compare the deposition efficiency in the RF and DC directly, the unit of the horizontal axis in Fig. 2 is taken as the power input divided by the target area. In this study, Zygo New View 2000 was employed for film thickness measurement. This has the feature that surface structure can be analyzed using scanning white interferometry, carrying out surface configuration measurement and picture creation without contacting a specimen. Surface roughness values in the table are obtained from AFM observation in the square region of 80 µm × 80 µm, which will be mentioned in section 4.1.
It is known that DC sputtering generally provides higher deposition efficiency than RF sputtering; it further provides a higher deposition rate equal power is input to a target (16) . This occurs because DC sputtering has high plasma density and high adsorption ability of metal atoms. However, it is also known that RF sputtering deposits a fine-looking thin film of good surface nature. Accordingly, we evaluated the function of the below-mentioned thin films, specimens RF-A to RF-G in the table. That is, the deposition in power input W = 150 W was undertaken mainly; for W = 100 W and 230 W were used for comparison.
Ogawa et al. investigated experimentally the effect of argon gas pressure at deposition on mechanical properties of titanium thin film. That study revealed that a specific mechanical property was affected (18) . In this study, argon gas deposition time t was used as control variables as shown in Table 1 .
Functional Estimation of Thin Film and Results

1 AFM observation results for a titanium thin
film surface When employing a thin film including Bio-MEM as a component of micromachines, thin-film surface roughness is problematic in many cases. Accordingly, deposition condition effects on surface roughness were investigated statistically from AFM observation in this section.
An example of AFM observation results for titanium thin film deposited using the RF sputtering system is shown in Fig. 3 . Surface observation with this AFM was conducted in an observation range of 1 µm × 1 µm in the contact mode with a scanning probe microscope (Shimadzu Corp.: SPM-9500). Micro Cantilever (Olympus Optical Co., Ltd.: OMCL-TR800PSA-1) was used as the cantilever. Among these AFM pictures, (a) RF-A to (d) RF-E were deposited with power input fixed to 150 W for various deposition times t; (e) RF-F and (f) RF-G were deposited with power input and the deposi- tion time adjusted so that thickness was almost identical to RF-C (about B=1.76 µm). Figure 3 indicates that crystal grain-like bulges increased gradually when power input was fixed at 150 W and deposition time was varied. This illustrates the same trend as the case where an aluminum target is used (19) . It is known that a thin film deposited inside a sputtering chamber at room temperature produces columnar growth in the thickness direction (20) . This corresponds to increase of bulges and the surface roughness variation shown in Table 2 . Moreover, Fig. 3 (c) , (e), and (f) demonstrate that bulge become coarser for lower power input, given comparable thickness.
Measurement results of surface roughness by AFM shown in Table 2 gives approximate proportionality between thickness and surface roughness with constant input power. The RF-F in Fig. 3 (e) showed much smaller surface roughness than RF-C and RF-G with comparable thickness. It is inferred to be due to deposition procedure in the initial stage of sputtering. That is, a relatively uniform surface is deposited with high power input; with low input, fine bulges are formed on the substrate surface during initial sputtering. Then, at high power input, thickness increases at almost uniform roughness in proportion to time. On the other hand, at low power input, it is inferred that thickness increase such that atoms accrete on the bulges formed mainly in early stages (20) . Following that concept, we infer that small surface roughness is obtained at large power input, i.e. when plasma output is large. As for RF-C and RF-G, it is inferred that deposition time affects surface roughness. Thus, it is considered that the temperature inside the chamber during sputtering rose with time, influencing grain growth and the recrystallization rate.
2 Evaluation of mechanical properties by nanoindentation method
High-resolution AFM and nano-indentation composite equipment (21) were employed in this study to evaluate mechanical properties of a titanium thin film. A Berkovich triangular pyramid diamond indenter (tip angle 142.3
• ) was pushed into a titanium thin film; then, the slope of the load-displacement curve in the load-unloading process was obtained so that the reduced modulus E r (the value containing Poisson's ratio) and hardness H were derived using the following relationships (22) , (23) :
where S is the contact stiffness between an indenter and a specimen (the slope of the unloading curve), P represents load and A(h c ) is the contact area. The load of the indenter was set in several steps with 4 000 µN as the maximum; loading and unloading rates were set as 200 µN/sec. Load retention time at the highest load point was set to 5 s. In addition, care was taken so that the pushing depth with this load did not exceed 10% of film thickness (24) . Since hardness decreases exponentially with increased pushing depth (pushing load), measurement results of several points in each load level were fit into an exponential function; the convergence value of the asymptote was determined as hardness (25) , (26) . Figure 4 shows the load-depth curve obtained for specimen RF-A as an example of a nano-indentation test results for a titanium thin film deposited using the RF sputtering system. This figure also contains an AFM image of a fine impression by indentation altogether. Based on the result of nano-indentation tests, the reduced modulus and hardness were computed from the above-mentioned Eq. (1); the relationship with thickness was summarized in Fig. 5 . This figure shows that the elasticity modulus tends from that of glass (68.0 GPa) to that of bulk titanium (103.0 GPa) with increased thickness. This trend holds in the case of DC sputtering (17) . It seems that hardness fluctuates very much and is independent of thickness.
Next, for the purpose of investigating the effect of power input at deposition on the mechanical property, results of three kinds of specimens of RF-C (150 W), RF-F (230 W), and RF-G (100 W) in the previous Table 2 are Fig. 6 Relationship between film thickness and several mechanical properties summarized in Fig. 6 . The figure indicates that the reduced modulus and hardness increase monotonously with increased thickness. This proves that the mechanical property could be arranged as variables of thickness, with variable power input. Moreover, when energy input (power input × deposition time) is considered, RF-F with less energy provides more thickness than RF-C and RF-G with equal energy input. Accordingly, energy necessary for the same thickness may be small; consequently, this is closely related to the power input. Based on these results, the AFM picture of RF-F shows in Fig. 3 demonstrates that titanium atoms floated by sputtering are observed to block in the gap between columnar structures of the thin film. On the other hand, the RF-G bulges are coarse. It is inferred that this surface roughness affects mechanical properties.
3 Piezoelectric characterization and results
In this section, in order to investigate validity of piezoelectric finite element analysis (27) - (33) (ANSYS program) for deformation of a piezoelectric material, the deformation problem of PZT with known piezoelectric properties is considered; then, experimental data after titanium deposition on the thin film surface are compared with analysis value. A preliminary experiment was first conducted for a PZT specimen of raw material. As shown in Table 3 , analysis values of displacement in the thickness direction by ANSIS (d 33 ) agree well with measured values in experiments and catalog values (7) and demonstrate sufficient validity. Eight-node isoparametric solid elements are used as finite elements and as the boundary conditions, displacement in the thickness direction is restrained at the lower surface, and a potential of 47 V is applied to upper and lower surface. Displacement in the thickness direction was measured experimentally using a laser Doppler vibrograph (GRAPHTEC: AT3600). Specimen with a titanium thin film deposited on the PZT surface by sputtering were connected with lead wire through aluminum foil at one end point of the electrode.
Next, this was applied to a PZT specimen with a 2.0 µm of titanium thin film deposited, as shown in Fig. 1 (b) . The ANSYS analysis indicated no variation of displacement by deposition, but the deterioration of piezoelectric property experimentally, as shown in Table 3 . The Young's modulus of the titanium thin film employed for the ANSYS analysis was 76.0 GPa, which was obtained by the reduced modulus obtained from the previous nanoindentation test and the assumption that the Poisson's ratio was 0.3. At present, the reason why analysis values by ANSYS do not vary before and after deposition of a titanium thin film is unknown, to be solved in the future. On the other hand, the drop of the piezoelectric property in experiments is inferred to be the following: orientation of the dipole moment of crystals in a PZT specimen before sputtering is assembled in the thickness direction by compulsory polarization treatment. However, since temperature of a piezoelectric device rises from room temperature due to heat generation by plasma irradiation in sputtering, it is supposed that polarization along a certain direction is not realized. It is considered that confusion of this polarization direction has become a factor in piezoelectric property reduction.
Conclusions
Mechanical properties of a titanium thin film by RF sputtering were investigated using nano-indentation equipment; also, observation by AFM of a titanium thin film deposited on the grass substrate was carried out. Moreover, to investigate the validity of a finite element program (ANSYS), the deformation analysis was carried out for PZT piezoelectric materials on which titanium is deposited; its result is compared with the experimental result. Consequently, the following results were obtained:
( 1 ) There exists a clear and valid proportional between thickness and surface roughness due to the process at deposition. Also, given equal energy input at deposition, small surface roughness is obtained when the power input is large, that is, plasma output is large.
( 2 ) While hardness varies independent of thickness, the reduced modulus tends toward the elastic modulus of bulk material with increased thickness. When thickness is small, it is dependent on properties of the substrate material.
( 3 ) The effect of power input at titanium thin film deposition on the mechanical property was investigated. As a result, even if power input varies, it was found that the reduced modulus and hardness can be arranged as variables of thickness. Moreover, it was revealed that energy necessary to obtain the same thickness is small.
( 4 ) Validity of a piezoelectric finite element method by ANSYS to piezoelectric material deformation was confirmed. Comparison between deformation analysis results and experimental results showed good agreement for the PZT single substance. However, after titanium deposition, the piezoelectric property declined in the experimental result because heat generation by plasma irradiation caused confusion on the PZT polarization direction.
